The environmental impacts of energetic compounds can be minimized through the design and selection of new energetic materials with favorable fate properties. Building predictive models to inform this process, however, is difficult because of uncertainties and complexities in some major fate-determining transformation reactions such as the alkaline hydrolysis of energetic nitroaromatic compounds (NACs). Prior work on the mechanisms of the reaction between NACs and OH − has yielded inconsistent results. In this study, the alkaline hydrolysis of 2,4,6-trinitrotoluene (TNT) and 2,4-dinitroanisole (DNAN) was investigated with coordinated experimental kinetic measurements and molecular modeling calculations. For TNT, the results suggest reversible formation of an initial product, which is likely either a Meisenheimer complex or a TNT anion formed by abstraction of a methyl proton by OH − . For DNAN, the results suggest that a Meisenheimer complex is an intermediate in the formation of 2,4-dinitrophenolate. Despite these advances, the remaining uncertainties in the mechanisms of these reactionsand potential variability between the hydrolysis mechanisms for different NACsmean that it is not yet possible to generalize the results into predictive models (e.g., quantitative structure−activity relationships, QSARs) for hydrolysis of other NACs.
■ INTRODUCTION
Environmental release of energetic munitions compounds through manufacture, handling, use (including in testing and training), and disposalleads to potentially problematic contamination of soils, sediments, and water. 1, 2 As new energetic materials and formulations are developed, however, their environmental impacts can be minimized through careful design and selection according to the principles of green chemistry.
3−5 A principle of green chemistry is that the design or selection of new substances should favor chemicals with limited environmental persistence and degradation products that are relatively benign. 3 Achieving this goalfor energetic compounds or other chemicalsrequires a sufficient understanding of chemical transformation pathways and kinetics to predict environmental fate. Obtaining the necessary chemical property data for this is a long-standing challenge, in part because the continuously expanding, large, and diverse population of chemicals of environmental concern precludes direct, empirical measurement of more than a small fraction of the data at a reasonable monetary and temporal cost. 6−8 This challenge has led to a great deal of interest in predictive models that can estimate contaminant fate properties efficiently and reliably. 6, 8, 9 A common approach for predicting chemical properties employs empirical correlations such as linear free energy relationships (LFERs) and quantitative structure-activity relationships (QSARs). These models are obtained by calibration using training sets of response (target) variable data that are usually experimental and descriptor variable data that are relatively accessible. Such models are widely used as tools for predicting descriptors related to environmental fate and transport for use in regulatory decision-making and experimental prioritization. 6, 8, 9 In the case of (novel) energetic compounds, however, the challenge of obtaining experimentally determined environmental fate properties for model calibration is greatly increased by factors that are nearly unique to this type of material: (i) access to many of the materials is highly restricted, (ii) few environmental laboratories are equipped to perform experiments with such materials, and (iii) novel materials of this type are rarely prepared in sufficient quantities for environmental fate property testing.
In principle, the challenge of obtaining response variable data such as rate constants for model calibration can be overcome by determining the values from first principles (i.e., using molecular modeling). Given an understanding of the environmental fate mechanisms for a given family of compounds, reactions of novel compounds within this family can be modeled computationally to determine activation parameters for the reactions. According to the principles of transition state theory, these activation parameters can then be used to calculate rate constants for the reactions. 10 The result would be a correlation calibrated fully in silico, which could then be validated with obtainable experimental data for energetic (and model nonenergetic) compounds.
One family to which this method might be applied is energetic nitroaromatic compounds (NACs). The most familiar member of this group is 2,4,6-trinitrotoluene (TNT), which has long been used in a variety of energetic materials. Also included is a shock-insensitive alternative to TNT, 2,4-dinitroanisole (DNAN), 11 which is used in modern munitions formulations such as PAX-21.
12 While TNT and DNAN comprise a subfamily of substituted nitrobenzenes, other NACs used in emerging munitions formulations include substituted heterocycles, such as 5-nitro-1,2,4-triazol-3-one (NTO)another insensitive replacement for TNT that is used in emerging munitions formulations 11 and polyaromatic compounds. A representative sample of energetic NACs is shown in Figure 1 ; these and many more have been described previously. 13, 14 The main abiotic transformation processes influencing the environmental fate of NACs in groundwater are reduction and alkaline hydrolysis. 15 While the pathways and kinetics associated with the reduction of NACs have been studied extensively, e.g., refs 16−20, the pathways associated with alkaline hydrolysis are not well characterized, despite considerable proof-of-concept testing of this process for engineered remediation of TNT-contaminated wastewaters. 21−31 In the case of TNT, there are significant inconsistencies in the experimental data, which likely arise from the sensitivity of the reaction to the nature of the solvent, 32, 33 difficulty observing products in water due to their poor solubility, 26 and the influence of the concentration ratio between TNT and base on product distribution. 32, 33 Previous computational studies of TNT reaction energetics have also failed to definitively determine the pathways of its reaction with OH − . 34−36 This incomplete understanding of the mechanisms of TNT hydrolysis in natural and engineered systems inhibits the prediction of degradation properties of future energetic NACs through the use of correlations calibrated with data determined fully in silico. Our goal in this paper is to clarify the mechanisms of TNT degradation by OH − in water by taking a combined approach that emphasizes reconciliation of both experimental and computational data. An analysis of the kinetics of TNT disappearance in the presence of OH − is presented and used to determine the experimental activation free energies (ΔG ‡ ) and reaction free energies (ΔG rxn ) for the processes. Also presented are ΔG ‡ and ΔG rxn values for possible mechanisms of TNT degradation determined using molecular modeling. The measured and modeled results are then compared to assess which mechanisms predominate. Also reported is an analogous analysis for DNAN, which is structurally similar to TNT.
■ EXPERIMENTAL SECTION
Reagents. Stock solutions of NACs were prepared by dissolving solid-phase TNT (ChemService, Inc.; West Chester, PA) or DNAN (Alfa Aesar; Ward Hill, MA) in HPLC-grade acetonitrile (Fisher Scientific; Waltham, MA) to achieve a concentration of 10 g/L. All deionized (DI) water used was obtained from a Milli-Q system (EMD Millipore; Billerica, MA). HPLC mobile-phase components consisted of DI water and HPLC-grade methanol (Fisher Scientific; Waltham, MA). Phosphate buffers were prepared from sodium phosphate (mono-and dibasic) (Fisher Scientific; Waltham, MA) and adjusted with NaOH (Aldrich; St. Louis, MO) to pH 11.0, 11.7, and 12.0. Acidified acetonitrile was prepared by adding sufficient sulfuric acid to HPLC-grade acetonitrile to neutralize an equal volume of corresponding buffer.
Batch Experiments. Batch experiments were carried out in 20-mL amber VOA vials capped with Teflon-lined silicon septa (SUN Sri; Rockwood, TN). Each vial initially contained 20 mL of phosphate buffer (50 mM) at pH 11.0, 11.7, or 12.0. Vials were temperature equilibrated in water baths or in a cold room to 11.0, 25.0, 40.0, 55.0, or 65.0°C. After temperature equilibration, TNT or DNAN was introduced to the reaction vial by injecting 200 μL of a 10-g/L stock solution prepared in acetonitrile (reaction initiation). Following introduction of TNT or DNAN, the vials were shaken by hand for ∼1 min (in the water bath) to ensure proper mixing. 1-mL aliquots were removed at specified times and quenched by mixing with an equal volume of acidified acetonitrile.
Quenched aliquots were analyzed by high-pressure liquid chromatography (HPLC). The HPLC setup included a Varian ProStar 210 solvent delivery module, 410 autosampler, and 330 photodiode array detector, with a Platinum C18 5 μ 250-mm × 4.6-mm column (Grace; Deerfield, IL). The mobile phase consisted of 1:1 DI water:methanol and was pumped at a flow rate of 1 mL min
Kinetic Modeling. The kinetics of TNT disappearance were fit assuming the reaction proceeds by a sequence of reversible and irreversible steps
where P1 is the first product, P2 is the second product, k 1 is the second-order rate constant for the forward portion of the first reaction, k -1 is the rate constant for the reverse portion of the first reaction, and k 2 is the rate constant for the second reaction. The reaction was simplified by assuming constant hydroxide concentration in the buffered system and then treating the formation of P1 as a pseudo-first-order process where k 1,obs is the observed pseudo-first-order rate constant for formation of P1. Rate constants were determined by fitting concentration vs time data for TNT. The data were fit by simultaneous numerical solution to the following differential equations (eq 1 and eq 2) using IGOR Pro (Wavemetrics; Lake Oswego, OR).
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(1) ] data for each temperature. Molecular Modeling. In this study, the solution phase ΔG rxn and ΔG ‡ were directly calculated from gas-phase reaction energy, entropy, and solvation energy differences using electronic structure calculations, continuum solvation models, and gas-phase entropy estimates. All calculations were performed using the NWChem program suite. 37 The electronic structure calculations were either performed using density functional theory (DFT) 38 with the B3LYP 39,40 exchange correlation potential or with second-order Møller−Plesset perturbation theory (MP2). 41 In all cases, the 6-311++G-(2d,2p) basis set was used (obtained from the Extensible Computational Chemistry Environmental Basis Set Database 42 ). The solvation energies were estimated using the selfconsistent reaction field theory of Klamt and Schuürmann (COSMO), 43 with the cavity defined by a set of overlapping atomic spheres with radii suggested by Stefanovich and Truong (H 1.172 Å, C-2.096 Å, C= 1.635 Å, O 1.576 Å, and N 2.126 Å). 44 The dielectric constant of water used for all of the solvation calculations was 78.4. The solvent cavity discretization was generated from the surfaces of nonoverlapping spheres that were discretized by an iterative refinement of triangles starting from a regular octahedron. Three refinement levels, equivalent to 128 points per sphere, were used to define the solvent cavity in these calculations.
The geometries and harmonic frequencies for the reactants, products, and transition states were consistently optimized using the B3LYP calculation with COSMO. Transition states were determined for the Meisenheimer and proton abstraction reactions by performing constrained optimizations at a series of C−OH and CH−OH bond distances. The transition state for the S N 2 reactions were found by a quasi-Newton (BFGS) saddle point search initialized with d(C−OH) = 1.45 Å and d(C−NO 2 ) = 1.65 Å. The virtual entropies for each compound were estimated using formulas derived from statistical mechanics that are broken into translational, rotational, and frequency terms. In addition to the COSMO correction, cavitation and dispersion contributions to the solvation energy were added a posteriori using empirically derived expressions that depend only on the solvent accessible surface area. In this study, we used the parameterized formula given by Sitkoff et al.
where A is the solvent-accessible surface area, and γ and b are constants set to 5 cal mol −1 Å −2 and 0.86 kcal mol −1 , respectively. Sitkoff et al. fit the constants γ and b to the experimentally determined free energies of solvation of alkanes 46 by using a least-squares fit.
■ RESULTS AND DISCUSSION
Formulation of Candidate Mechanisms. Generally, NACs can interact with bases (nucleophiles) to form chargetransfer complexes, radical anions, σ-complexes, or proton abstraction products. 47 Formation of σ-complexes has been observed from the interaction of various nucleophiles with a wide range of NACs. 48 σ-Complexes are formed as intermediates in the Ar−S N mechanism of nucleophilic aromatic substitution. 11, 49 This reaction involves reversible addition of a nucleophile to an electron-deficient carbon on an aromatic ring (in a rate determining step) followed by elimination of a leaving group from the same ring carbon. 48, 49 In cases where this intermediate is stable enough to be isolated or detected, it is known as a Meisenheimer complex. 48−50 Stabilizing factors include the presence of electron withdrawing groups on the aromatic ring and poor leaving groups. 49 Meisenheimer complexes have been studied extensively; 48 however, most of these studies were performed in nonaqueous media, and evidence for this reaction occurring under environmentally relevant (natural and engineered) conditions is limited.
Of the prior studies that characterize the reaction of TNT and OH − in water, several have hypothesized that a Meisenheimer complex is the initial product. 24, 26, 48 However, demonstrating the participation of this intermediate is difficult because of its short lifetime and limited solubility in water. The main evidence for its formation is from NMR spectra that were obtained while following the reaction in acetone (due to solubility constraints in water). 26 Whether these conclusions apply to aqueous media is uncertain, because other studies in nonaqueous or partially aqueous systems have shown that the initial product in the reaction of TNT with base is strongly influenced by the solvent. 32, 33 Alternatively, it has been suggested that direct nitro substitution could be the initial step in this reaction, based on NMR analysis of the final polymeric reaction products formed in water. 27 A third possible initial step is the abstraction of a methyl proton, which has been reported to form along with or instead of a Meisenheimer complex in nonaqueous or partially aqueous systems, possibly leading to the formation of a Janovsky complex. 32, 33 A recent theoretical study using DFT concluded that Meisenheimer-complex formation and/or proton abstraction are the most likely initial reactions in the interaction of TNT with OH − . 34 All of the proposed initial steps for reaction between TNT and OH − are summarized in Figure 2 .
Prior work on the reaction of DNAN with OH − is more limited. The reaction between DNAN and OH − has been suggested to occur through substitution of the methoxy group, leading to 2,4-nitrophenol, 51, 52 which may in turn react with OH − to form 2,4-dinitrophenolate. 52 This reaction may take place through OH − addition at the C1 carbon (as shown in Figure 3 ), 51 i.e., through the formation of a Meisenheimer complex. Meisenheimer complex formation at the C1 carbon as well as at other possible addition sitesis shown in Figure 3 as an initial step in methoxy substitution. In addition, we considered proton abstraction and direct nitro substitution reactions in order to compare the results with those calculated for TNT, although, to our knowledge, these reactions have not been observed experimentally.
Experimental Kinetic Data. In order to provide experimental evidence for evaluating the alternative mechanisms of interaction between TNT and DNAN with OH − , the disappearance kinetics for these NACs were determined in aqueous phosphate buffer at three pH's (from 11.0 to 12.0) and four temperatures (from 11 to 55°C for TNT and 25 to 65°C for DNAN). Representative concentration vs time data are shown in Figure 4 for TNT at 11°C and DNAN at 25°C. The complete data setincluding additional data for TNT at 25, 40, and 55°C and for DNAN at 40, 55, and 65°Cis given in the Supporting Information (SI), Table S1 and Table S3 .
For both TNT and DNAN, the kinetics of reaction with OH − appeared to be first-order with respect to both the NAC and OH − (second-order overall). TNT disappearance did not show simple, irreversible pseudo-first-order behavior but was better fit to a model that includes a reversible first step, followed by an irreversible second step (as described in Scheme 1 and Scheme 2). A similar model has been used in prior work on the kinetics of intermediate formation upon the reaction of TNT with OH − . 26 Fitting this model to the data for TNT disappearance gave rate constants for each step, which are summarized in the SI, Table S2 . Unlike TNT, the disappearance of DNAN was well fit with a simple model for irreversible, pseudo-first-order kinetics (Scheme 3 and Scheme 4). Rate constants determined from this fit are summarized in the SI, Table S4 .
Determination of Free Energies from Experimental Kinetics. To generalize the results obtained from batch experiments with TNT and DNAN and to facilitate comparisons between these results and data obtained from computational modeling (next section), the rate constants for each temperature were used to obtain experimental free energies for the reactions of TNT and DNAN with OH − . This was done by applying transition state theory, 10 which relates the rate of a reaction to the energy of the transition state, specifically, the free energy of activation (ΔG ‡ ). This relationship is defined by the Eyring equation 10 (eq 4)
where k is the rate constant in molar concentration units (if applicable), k B is the Boltzmann constant, T is temperature, h is Planck's constant, ΔG ‡ is the molar free energy of activation, R is the gas constant, and n is the order of the reaction. Activation parameters were determined from the rate data using a linearized version of the Eyring equation (eq 5)
where ΔS ‡ is the molar entropy of activation, and ΔH ‡ is the molar enthalpy of activation. Figure 5 shows Eyring plots for the proposed steps in the reaction of TNT with OH − , including both the forward and reverse formation of the first product, P1, and subsequent degradation of P1 to P2. The plots show adjusted values of k 1 , k −1 , and k 2 plotted vs inverse temperature. Also shown in Figure 5 are kinetic data for the reaction of TNT with OH − previously reported by Mills et al., 26 who fit their data assuming reversible Meisenheimer-complex formation (using a kinetic model that accounts for reversibility in the initial step), and Emmrich, 22 who obtained k 1 by fitting to an irreversible, pseudo-first-order model.
As seen in Figure 5 , our data for k 1 (associated with the reaction TNT + OH − → P1) show good agreement with those reported previously. In the case of k −1 (associated with the reaction TNT + OH − ← P1), our data does not agree as closely with the data reported by Mills et al. 26 Our data do, however, show a more linear relationship and smaller uncertainties. The reason for the inconsistency between these results is likely that Mills et al. did not consider the effect of the second reaction (P1 → P2) in their determination of k 1 and k −1 . They made the assumption that the second reaction does not affect the disappearance of TNT at "low" hydroxide concentrations (0.01−0.1 mol dm −3
), and so they used data gathered in this concentration range to study the initial reaction independently. Their kinetics, which were typically measured over two halflives, fit well to a model based on this assumption. Our data, however, show that the kinetics of TNT disappearance deviate from pseudo-first-order after two half-lives (most of our experiments were run for 4−8 half-lives) and that this deviation is consistent with the contribution of the second reaction (P1 → P2) to the rate of TNT disappearance. For this reason, we fit only our data to eq 5 to determine ΔS ‡ and ΔH ‡ for each reaction shown in Figure 5 . These were subsequently used to calculate ΔG ‡ at 25°C. All of these results are tabulated in Table 1 .
In addition to determining activation parameters for the reaction of TNT, a similar treatment was used to extract thermodynamic values from the kinetic data for DNAN. The results are shown in Figure 6 as an Eyring plot for the secondorder rate constant, k 1 . Error bars on k 1 represent the uncertainties (±1 standard deviation) from the fit of k 1,obs vs [OH − ] (SI, Table S1 ). While the data point corresponding to the experiments performed at 65°C shows relatively large error, exclusion of this point does not significantly change the value of ΔG ‡ calculated from the linear fit. Superimposed on the figure are the rate constants for the reaction of DNAN with OH − that were reported by Murto and Tommila, 52 which were also obtained by modeling their data with pseudo-first-order kinetics. While their data set shows an essentially identical slope to the result from this study, their intercept is about an order of magnitude smaller (note that, according to the Eyring equation, the slope is related to ΔH ‡ and the intercept is related to ΔS ‡ ). Absent any a priori explanation for this difference, we have fit each data set to the linearized Eyring equation and reported both sets of results in Table 1 . There is no significant difference between the values of ΔG ‡ determined from these two data sets.
Determination of Free Energies from Molecular Modeling. In addition to measuring the rate constants and determining free energies for TNT and DNAN experimentally, solution phase reaction energies and activation barriers for the candidate mechanisms shown in Figures 2 and 3 were determined using electronic structure calculations. Data determined at the COSMO B3LYP and COSMO MP2 levels are summarized in Figure 7 , which shows ΔG rxn and ΔG ‡ vs shorthand labels for each candidate mechanism. This shorthand represents the mechanism ("MC" = Meisenheimer-complex formation, "Sub" = direct nitro substitution, "PA" = proton abstraction) and reaction location (e.g., "@1" = reaction occurring at C1, as labeled in Figures 2 and 3) . Also shown are data previously reported by Hill et al., 34 which were modeled in the solution phase using DFT at the SMD (Pauling)/MO6-2X/ 6-31+G(d,p) level. 53, 54 The values for all the computational results summarized in Figure 7 are given in the SI, Table S5 . Table S1 . (B) DNAN disappearance at 25°C for pH 11.0, 11.7, and 12.0. Each data set was fit individually to determine k 1,obs . Data for 40, 55, and 65°C are shown in the SI, Table S3 . In Figure 7 , it can be seen that there is considerable variation in the absolute values of ΔG rxn for a given mechanism calculated at different levels of theory (with average absolute differences in ΔG rxn ranging from 5.5 kcal mol −1 between the COSMO B3LYP data and the COSMO MP2 data and 11 kcal mol −1 between the COSMO B3LYP data and the data reported by Hill et al.) . Despite this variation, there is generally good agreement in the relative values of ΔG rxn between the mechanisms, especially between the COSMO B3LYP and COSMO MP2 data. The trends in ΔG ‡ are less consistent. The average absolute differences from COSMO B3LYP, however, are slightly smaller than seen for ΔG rxn (5.0 kcal mol −1 for COSMO MP2 and 7.2 kcal mol −1 for Hill et al.). While our results are not sufficient to determine the absolute accuracy of these calculations (as this was not within the scope of this paper), our ΔG rxn values can be used to determine the relative favorability of each of the candidate mechanisms, and our ΔG ‡ values can be used to determine the relative kinetics.
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From the ΔG rxn values for both TNT and DNAN shown in Figure 7 , it is clear that direct nitro substitution at C2 and C4 (Sub@2 and Sub@4) are the most thermodynamically favorable mechanisms. The ΔG rxn values for TNT at both reaction sites are ∼10 kcal mol −1 more negative than the analogous reactions on DNAN, suggesting TNT is the more Figure 5 . Eyring plots for the reaction of TNT with hydroxide. Each panel in the figure displays rate constants for a different step in the proposed reaction of TNT with OH − (as described in Scheme 1) according to a linearized version of the Eyring equation (eq 5). The top panel of the figure corresponds to k 1 and the forward portion of the first reaction (TNT + OH − → P1), the middle panel corresponds to k −1 and the reverse portion of the first reaction (TNT + OH − ← P1), and the bottom panel corresponds to k 2 and the second reaction (P1 → P2). Also shown are data reported by Mills et al. 26 and Emmrich. 22 Error bars are shown for all data, with the exception of the value reported by Emmrich, for which no uncertainty was reported. , Table S1 ). Data reported by Murto and Tommila 52 are shown as blue ×'s. Each data set was fit linearly to determine Eyring parameters given in Table 1 . Compared to direct nitro substitution, the ΔG rxn values for Meisenheimer-complex formation and proton abstraction are less favorable for both TNT and DNAN. ΔG rxn values for Meisenheimer-complex formation at all sites are near zero for TNT and endothermic by at least 6 kcal mol −1 for DNAN. Proton abstraction at the methyl group (PA@0) on TNT is between −20 and 0 kcal mol −1 and PA@3 is endothermic by about 10 kcal mol −1 . Proton abstraction reactions on DNAN are also endothermic and not thermodynamically feasible (results not shown).
Overall, the computational results predict that TNT can undergo direct substitution (Sub@2 and Sub@4), Meisenheimer-compex formation (MC@1 and MC@3), and proton abstraction at the methyl group (PA@0). For DNAN, the computational results suggest that the direct substitution reactions, while thermodynamically feasible, are not likely because of their high activation barriers, and that only MC@1 and MC@3 are kinetically and thermodynamically favorable.
Reconciling the Computational Results with Experimental Observations. The likelihood of the candidate mechanisms can be further evaluated by comparing the results of molecular modeling to experimental observations. Ideally, this might be based on a comparison of computationally derived ΔG rxn and ΔG ‡ values to those determined experimentally in order to determine likely mechanisms. To facilitate such a comparison, Figure 7 has been annotated with experimental values of ΔG ‡ for TNT and DNAN and an experimental value of ΔG rxn for TNT. The experimental ΔG rxn was determined from the difference in the experimental ΔG ‡ values for the forward and reverse steps in the reaction of TNT with OH − . This calculation could not be performed for DNAN since the initial step in the reaction with OH − was not reversible. As seen in Figure 7 , however, different levels of theory produce a substantial range of computed values of ΔG ‡ . Because of this variability, and because there is no way to know a priori which level of theory best reflects experimental observations, we have not made a direct comparison of the computational and experimental values for ΔG rxn and ΔG ‡ . Other comparisons can be made, however, which lead to a number of significant conclusions.
In the case of TNT, kinetic modeling of the experimental results, shown in Figure 4 (and in the SI, Tables S1 and S3), suggests a reversible reaction. Assuming reversibility, the ΔG rxn value is expected to be close to 0 kcal mol −1 (due to the forward and reverse reactions having similar values of ΔG ‡ ). This is consistent with the experimental ΔG rxn value of −3.5 kcal mol Based on these considerations and the analysis given in the previous section, MC@1, MC@3, and PA@0 appear to be the most likely initial steps in the reaction between TNT and OH − in water. Of these, the mechanisms that show the closest agreement between the computed value of ΔG ‡ (at both the COMSO B3LYP and COSMO MP2 levels) and the experimental value are MC@3 and PA@0. However, as mentioned previously, we do not know a priori how accurate the computational methods are. Additionally, the value of ΔS ‡ determined from the fit of the TNT disappearance data (Table  1) is positive, suggesting that the transition state shows increased disorder compared to TNT. This implies a dissociative mechanism such as proton abstraction. Therefore, given the overall uncertainty in the results, we cannot conclude which mechanism (MC@1, MC@3, or PA@0) predominates or if the observed kinetics reflect a combination of mechanisms.
In the case of DNAN, the computational and experimental results are not as consistent regarding the reversibility or irreversibility of the reaction. The experimental kinetics suggest an irreversible reaction, for which a ΔG rxn much lower than 0 kcal mol −1 (generally less than about −20 kcal mol
) is expected. However as seen in Figure 7 , MC@1 and MC@3, which are the top candidate mechanisms based on the analysis given in the previous section, have slightly positive ΔG rxn values. While the reason for this discrepancy is uncertain, possible explanations are either that (i) there is another pathway not considered here that has a lower ΔG ‡ and is exothermic, or (ii) the theory is not accurately describing the transition states of this pathway, perhaps due to the fact that the continuum solvation model is overestimating the first transition state because it is nearly dissociated. While other pathways are possible, MC@1 is a very likely initial reaction, based on the previously observed products of the reaction, 2,4-dinitophenol 51, 52 and, subsequently, 2,4-dinitophenolate. 52 Additionally, molecular modeling of the pathway between DNAN and 2,4-dinitrophenolate at the COSMO B3LYP and COSMO MP2 levels predicts MC@1 to be the initial step of the reaction (details are reported in the SI, Figure S1 ).
Previous efforts have failed to unambiguously define mechanisms for the reactions of TNT and DNAN with OH − , especially in the case of TNT where product characterization has been particularly challenging. The experimental and computational observations reported here provide insight into these mechanisms, although some ambiguity remains, especially in the case of TNT. Because of this ambiguity, it is uncertain whether TNT and DNAN react by the same mechanism. The possible difference in mechanisms means that predicting the reaction mechanism for one based on the other may lead to unreliable predictions of environmental fate. This, along with uncertainties in the consistency of the calculated results with experimental values presents a challenge for developing QSARs calibrated "fully in silico" that predict the hydrolysis behavior of the diverse range of energetic NACs. 
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